Objective: It has been known that maternal oxidative stress during pregnancy plays an important role in fetal growth. However, the association between antioxidant vitamin levels and birth outcomes is not conclusive. We investigated the relationship between maternal serum levels of vitamins C and E during the second trimester and birth weight and length. Design: Prospective cohort study. Setting: Outpatient-clinic of obstetrics, Ewha Womans University Hospital, South Korea. Subjects and methods: The study subjects were 239 healthy, pregnant women who visited an obstetric clinic for antenatal care, and their singleton live births, in Seoul, Korea, between August 2001 and March 2003. We measured the levels of vitamins C and E in maternal serum during the period 24-28 gestational weeks. Each woman was interviewed for dietary intake by trained interviewers during the second trimester. Results: The serum concentration of maternal vitamin C during the second trimester was significantly associated with birth weight and length in the group of full-term deliveries. An increase of 1 mg/ml in the serum vitamin C level increased the birth weight by 27.2 g and the birth length by 0.17 cm. When we considered the levels of vitamins C and E together in the relationship with birth weight and length, we found that the heaviest birth weight and the longest birth length belonged to the group of upper vitamin C/ upper vitamin E. However, dietary intake estimated by 24-h recall method was not a predictor of the levels of serum vitamins C and E. Conclusion: We found that maternal serum vitamin C levels during the second trimester were positively correlated with birth weight and length in full-term babies. We also found that birth weight and length were highest when the levels of both vitamins C and E were high. Our results indicate the importance of antioxidant nutrient balance for pregnant women who are exposed to various oxidants through food, drinking water, or inhaled air.
Introduction
It has been suggested that maternal exposure during the period from conception to birth may have an impact on fetal growth as well as the child's health (Strauss & Dietz, 1998; Godfrey & Barker, 2000; Olsen, 2001) . In particular, maternal nutrition during pregnancy has been regarded as an important determinant for fetal growth (Godfrey et al, 1997; Kramer, 2002) . Infant size, such as birth weight and length, was reported to affect not only infant mortality, but also childhood morbidity (Mutch et al, 1992; Hack & Fanaroff, 1999) . Although severe undernutrition, which could lead to permanent changes in structure and metabolism in the fetus, is uncommon in developed countries, the imbalance or relative deficiency of nutrients could affect fetal growth (Mathews et al, 1999; Fall et al, 2003) . A poor dietary intake of antioxidant nutrients or a low body level may be particularly important because recent evidence indicates that maternal oxidative stress during pregnancy plays an important role in the pathophysiology of low birth weight (Scholl & Stein, 2001; Wang & Walsh, 2001) .
Therefore, antioxidant vitamins, such as vitamins C and E, may play a role in fetal growth. As vitamin C is a hydrophilic antioxidant, it counteracts several hydroxyl radicals and may contribute in protecting the fetus from oxygen free radical damage (Rose, 1990; Cederberg et al, 2001) . Vitamin E is a lipophilic antioxidant and interferes with lipid peroxidation (Hubel et al, 1989; Di Mascio et al, 1991) . On the other hand, it is known that vitamins C and E act synergistically against oxidative stress, because vitamin C is involved in the regeneration of oxidized vitamin E (Tappel, 1968; Niki, 1987; Parker, 1992) .
However, the association between antioxidant vitamin levels and birth outcomes is not conclusive, as some reports have shown significant associations (Mathews et al, 1999) and others no association (Jagadeesan & Prema, 1980; Ghebremeskel et al, 1994; Tamura et al, 1997) . In fact, few studies have used measurements of antioxidant vitamin levels using biochemical markers in the estimation of the micronutrient balance (Mathews et al, 2000) .
We investigated the relationship between maternal serum levels of vitamins C and E during the second trimester and birth weight and length. In addition, we explored the dietary intake of micronutrients for their contribution to serum levels of vitamins C and E.
Method

Study population
The study subjects were 239 pregnant women who visited an obstetric clinic for antenatal care and their singleton live births in Seoul, Korea between August 2001 and March 2003. Exclusion criteria were pregnancy toxemia, hypertension, diabetes mellitus, thyroid disease, bronchial asthma, active hepatitis, chronic renal failure, and heart failure. Hypertension is defined as when blood pressure remains abnormally high (more than two readings of 140/90 mmHg or greater at rest). Toxemia is an abnormal condition of pregnancy characterized by hypertension, edema, and protein in the urine. Study protocols were approved by the institutional review board of the Ewha Womans University Hospital and all participants signed a consent form.
At the visit during the second trimester, all participants completed the structured questionnaire. It included questions on maternal age, educational level, height, weight before pregnancy, smoking and alcohol habits during the pregnancy and usage of vitamin supplementation. Gestational age was estimated based on the maternal report for the last menstrual period and on ultrasound measurement by obstetricians. Preterm birth was defined as gestational week less than 37 weeks. Trained nurses in the delivery room routinely measured the birth weight and length at birth, and recorded them on medical charts. Birth weight was measured to the nearest 50 g using digital scale, and crown-heel length was recorded to the nearest 0.1 cm with a nonstretch plastic tape measure. The data for infant birth weight and length in this study were obtained from the medical charts. Each woman was interviewed for dietary intake by trained interviewers during the second trimester. Dietary habits and food intake data were collected from the participants by the 24-h recall method. Intakes of energy and nutrients including vitamins C and E were calculated by CANPro II, a computerized program for nutrient intake assessment developed by the Korean Nutrition Society (2002).
Serum vitamin measurement
Fasting venous blood was drawn from the antecubital vein of the women between 25 and 28 weeks of gestation. Serum was separated by centrifugation within 4 h and frozen at À701C until analysis. For the vitamin C analysis, 100 ml of serum was mixed with 100 ml of 5% metaphosphoric acid and centrifuged for 10 min at 3000 Â g. Then, a supernatant was taken and filtered using a 0.45 mm syringe filter. The sample of 10 ml was used for the HPLC analysis (Kutnink et al, 1987 ). The serum vitamin E level was measured by the Bieri method (Bieri et al, 1979) . Serum, 200 ml was mixed with 1.0 ml of hexane and centrifuged for 10 min at 2000 Â g. After the organic solvent layer was taken and evaporated to dryness under nitrogen, it was reconstituted with 100 ml of mobile phase solution. The reconstituted solution of 10 ml was used for the HPLC analysis. The intra-and inter-assay coefficients of variation were 5 and 9% for serum vitamin C measurements, and those were 3 and 6% for serum vitamin E, respectively.
Statistical analysis
We conducted analyses separately for all subjects and the full-term deliveries excluding preterm births. The associations of serum vitamin levels and birth weight or length were assessed using multiple regression analysis. In the regression model, we adjusted for sex of the neonates, maternal age, body mass index (BMI), educational level, smoking exposure and alcohol consumption. Additional analyses were conducted after further controlling for gestational age. The associations between dietary nutrient intake and serum levels of vitamins C and E were also evaluated by multiple regression analysis.
The mean serum levels for vitamin C were 7.8 mg/ml (s.d. 2.4 mg/ml) and those for vitamin E were 14.7 mg/ml (s.d. 4.9 mg/ml). Even though the levels of serum vitamin C are categorized as deficiency (less than 2.0 mg/ml), marginal deficiency (2.0-4.0 mg/ml), and normal (more than 4.0 mg/ml), and the deficiency of vitamin E is defined as serum level less than 5 mg/ml in the general population of Korea (The Korean Nutrition Society, 2000), there were no criteria for normal range of biochemical vitamin levels of pregnant women. As normal range of serum vitamins during pregnancy may be different from that of general population, the data were dichotomized around the median value (7.4 mg/ml for vitamin C and 14.4 mg/ml for vitamin E) and grouped for combined analyses. Four lower/upper groups were generated (ie, lower vitamin C/lower vitamin E, upper vitamin C/lower vitamin E, lower vitamin C/upper vitamin E, and upper vitamin C/upper vitamin E), and birth weight and length were compared among the groups by least square means. We used the statistical package SAS (version 8.12) for all analysis. Table 1 shows the characteristics of the study participants and their neonates. Sociodemographic factors (ie, maternal age, height, weight before pregnancy and at delivery, gestational age, birth weight, height, and sex of neonates) were described. BMI was calculated as weight before pregnancy (kg) divided by squared height (m 2 ). The maternal subjects, including women who delivered preterm babies, were not different from the women with full term babies in terms of their characteristics, such as maternal age, height, and weight before pregnancy and at delivery. The mean birth weight and length for all neonates, including preterm births, were 3118.8 g and 48.4 cm, respectively, whereas for full term babies, they were 3281.9 g and 49.3 cm.
Results
After adjusting for infant sex, maternal age, BMI, educational level, smoking exposure and alcohol consumption, the effects of serum levels of vitamins C and E on birth weight and length are shown in Table 2 . The serum concentration of maternal vitamin C during the second trimester was significantly associated with birth weight and length in the group of full-term deliveries. An increase of 1 mg/ml in the serum vitamin C level increased the birth weight by 27.2 g and birth length by 0.17 cm. However, when the gestational age was further controlled in the regression model, the association between vitamin C level and birth weight did not reach statistical significance, whereas the model for birth length did remain significant. We found a positive trend between the serum vitamin E levels and birth weight and length, but statistical significance was not attained in any model. In all subject groups, including preterm births, serum levels of both vitamins C and E during the second trimester were not significantly associated with birth weight or length; therefore we excluded the preterm births in the further analyses.
In the analysis of comparing the serum levels of vitamin C and E between babies with birth weight less than 10th percentile (IUGR) and those with birth weight of 10th percentile or more in full-term deliveries, the group of IUGR showed decreased levels of serum vitamin C (7.04 (s.d. 2.16) vs 7.72 (s.d. 2.20) mg/ml) and vitamin E (13.8 (s.d. 4.6) vs 14.9 (s.d. 5.0) mg/ml) comparing to the group of non-IUGR. However, the differences between the two groups did not reach statistical significance (P40.05).
When we considered the levels of vitamins C and E together in the relationship with birth weight and length, we found that the heaviest birth weight and the longest birth length belonged to the group of upper vitamin C/upper vitamin E (Figure 1 ). In addition, birth weight and length were lowest in the group of lower vitamin C/lower vitamin E.
The relationship between estimated dietary vitamin intakes based on 24-h recall method and serum vitamin levels is shown in Table 3 . No kinds of dietary vitamin intakes were significantly associated with levels of vitamins C and E in maternal serum after adjusting for age, BMI, smoking, alcohol, occupation and vitamin supplementation.
Discussion
This study provides evidence for the relationship between serum vitamin C levels during the second trimester and neonatal weight and length in full-term babies. We also found that birth weight and length were highest when the levels of both vitamins C and E were high. Our results indicate the importance of antioxidant nutrient balance for pregnant women who are exposed to various oxidants through food, drinking water, or inhaled air. If antioxidant levels play a role in preventing adverse birth outcome, the risk will be reduced by the use of antioxidant-rich diet or supplementation, or by the avoidance of exposure to oxidative stress during pregnancy. Even though serum vitamin levels have only a limited effect on birth weight or length in this study, they may have a greater effect on the magnitude of health problem in the population level. Several reports have also shown that even normal variations in size and thinness at birth are associated with morbidity of chronic disease such as coronary heart disease, hypertension, and Type II diabetes later in adult life (Hales et al, 1991; Barker et al, 1993; Osmond et al, 1993) . The results of our study were consistent with findings from some other studies. In a cohort study, vitamin C intake in early pregnancy was associated with birth weight and the changes between the lowest and highest thirds of intake led to a 100 g difference of birth weight (Mathews et al, 1999) . Rao et al (2001) demonstrated that the concentration of serum vitamin C at 28-week gestation was related with birth length but not with birth weight. For vitamin E, we found that maternal serum levels at 25-28 week of gestation were not related with birth weight or length. The associations between levels of vitamin E during pregnancy and birth outcomes have been examined in a few studies, some of which found a relationship while others did not von Mandach et al (1994) found that serum vitamin E levels at delivery in women with low-birth-weight infants were significantly lower than those with normal pregnancy. However, other studies reported that the concentrations of plasma vitamin E in mother and neonates at birth were not associated with birth weight (Jagadeesan and Prema, 1980; Dison et al, 1993; Ghebremeskel et al, 1994) , and that the maternal serum levels at 18 and 30 weeks of gestation were not related to birth outcome (Tamura et al, 1997) .
In this study, we found no significant relationship between vitamin intake estimations assessed by 24-h recall method and serum vitamin levels. The circulating antioxidant vitamin levels may not accurately represent dietary vitamin intakes, because determinants of serum vitamin levels are diverse, including genetic and environmental factors. This study suggested that serum vitamin levels are a better indicator than the interviewed data of dietary intake for Figure 1 Birth weight and length by the combination of serum levels of vitamins C and E after dichotomous classification of upper and lower concentration in full-term deliveries. Error bars represent standard errors. the assessment of the nutritional balance of vitamins C and E in the body. We hypothesized that pregnant women utilize a defense mechanism, which is composed of antioxidant-enzymes and nutrients including vitamins C and E, against oxidative stress and free radical damage (Kharb, 2000; Kankofer, 2001) . As antioxidant defense systems are important to protect tissues and cells from damage caused by oxidative stress, an imbalance between increased oxidative stress and decreased antioxidant defenses impairs fetal growth (Myatt et al, 1997) . Some evidence supports the role of oxidative stress in affecting fetal growth. The concentrations of lipid degradation products from oxidative stress, such as malondialdehyde or lipid peroxides, were increased in pregnant women with intrauterine growth retardation (Karowicz-Bilinska et al, 2002) . When mothers at risk of preterm delivery were supplemented with b-carotene and vitamins C and E, the plasma malondialdehyde level was significantly lower than in control mothers at delivery (Bolisetty et al, 2002) . When the status of vitamins C and E in cord blood was compared, preterm babies had lower concentrations of vitamins C and E than term babies did (Guajardo et al, 1995; Baydas et al, 2002) . However, there has been little research on the effect of the levels of vitamins C and E in pregnant women on fetal growth. Particularly, it is not clear what happens if normally nourished pregnant women are supplemented with extra vitamin C and maternal serum levels are kept high. In the present study, we observed dose-response relationship between serum vitamin C and birth weight without any ceiling effect (data not shown). However, we expect the ceiling effect for the increased birth weight as vitamin C intake increases, because plasma concentrations have been reported to approach a plateau of 12-15 mg/ml at daily vitamin C intakes of 200-2500 mg, primarily due to the saturation of gastrointestinal absorption and nonlinear renal clearance (Levine et al, 1996; Blanchard et al, 1997) .
In addition, considering the widespread use of iron supplementation during pregnancy, particularly in developing countries where iron deficiency frequently occurs, we need to consider the interaction between vitamin C and iron (van den Broek & Letsky, 2000) . However, the issues over the effect of combination of antioxidant vitamins and iron supplementation are not resolved yet. Studies on the combination of vitamin C and iron supplementation have produced inconsistent results with respect to oxidative damage (Lachili et al, 2001; Proteggente et al, 2001 ). Therefore, further studies are needed to ascertain the interactive effect on birth weight between antioxidant vitamins and iron during pregnancy.
The limitations of this study must be considered. We recruited the study subjects from a hospital-based clinic; therefore, the results of this study might have been affected by the characteristics of the women visiting the clinic for prenatal care. In addition, as our sample size was relatively small, this result should be confirmed by a large-scale prospective study. As we did not measure dietary intakes of nutrients by the 24-h recall method repeatedly, our assessment of vitamin intakes might have been influenced by the specific intakes of the measurement day. Therefore, the nonsignificant relationships between dietary intakes of vitamins and the serum levels could be due to nondifferential misclassification of vitamin intakes through foods. Vitamin C and E levels in maternal serum at delivery or in the umbilical cord were not determined in this study. Therefore, the relationship between vitamin C and E concentration at term and birth weight or length could not be assessed. However, we think that there is probably not a large change in vitamin C or E levels between the second trimester and the term, because it may not be reasonable to believe that lifestyle, such as dietary pattern, change profoundly during the pregnancy. Chappell et al (2002) also reported that plasma levels of ascorbic acid in healthy pregnant women were stable over the gestation. We performed measurements for the serum vitamins during the second trimester (24-28 gestational weeks), because it was suggested that the evaluation for the antioxidant vitamin concentrations in mid-term pregnancy is important as the lipid peroxidation products are known to attain the highest level in the second trimester (Uotila et al, 1991) . In addition, plasma vitamin E concentrations have been reported to increase throughout normal pregnancy, and the progressive increase was most noticeable between 24 and 32 weeks (Wang et al, 1991; Tamura et al, 1997) .
Despite these limitations, this study has several strengths. As we collected the data prospectively from the second trimester to delivery, we eliminated the recall bias that occurs frequently in retrospective data collection. In addition, our findings were based on objective biological markers as well as the dietary questionnaire. Therefore, we could reduce the measurement error caused frequently when only dietary questionnaire was used. To our knowledge, this is the first study to assess the effects of the maternal serum levels of vitamins C and E in the second trimester pregnancy on birth weight and length.
In conclusion, we found that maternal serum vitamin C levels during the second trimester were positively correlated with birth weight and length in full-term babies. Our study also suggested that the combination of the levels of both serum vitamins C and E is more likely to represent the status of antioxidant vitamins than separate determinations of vitamins C and E. Although further research may be needed to verify the role of antioxidants in fetal growth at various stages of gestation, our results indicate that strategies for supplying antioxidant vitamins to women during pregnancy would be beneficial for fetal growth.
